Sacramento perch bones are abundant in Native American middens, and Sacramento perch were common enough in the 19th century to be fished commercially in large numbers. By the late 1800s their decline was evident and by the early 1900s they were rare in fish surveys. Their historic habitats were apparently sloughs, slow-moving rivers, and large lakes, including floodplain lakes. Sacramento perch are adapted to withstand high alkalinities (10.6 to 11.0 pH), are eurythermal-with 16 to 23 °C being their optimal thermal range-and can persist within a wider salinity range (mean 24 to 28 parts per thousand, ppt) than other centrarchid species. Larval and juvenile oxygen consumption increases with age, size, and temperature, except at very low temperatures, where consumption is higher than in their optimal temperature range. In adult Sacramento perch muscle, oxygen consumption significantly increases with temperature. The diet of Sacramento perch varies with size of fish and availability of food by season, but they feed primarily on insect larvae when small, and on fish and macroinvertebrates when large. Growth rates differ in response to population density, diet, gender, water temperature, anthropogenic influences, and presence of alien species. They can grow up to 61 cm total length (TL) and 3.6 kg, with a maximum recorded age of 9 years. Females grow faster than males and have lower mortality rates after the first year of life. Sacramento perch breed for the first time during their second or third year of life. The number of gametes produced is similar to that of 1 Corresponding author: pkcrain@ucdavis.edu Lepomis and Pomoxis species (spp.) Spawning is initiated when water temperatures reach 18 to 28 ºC from the end of March through as late as October. Males set up territories in littoral areas usually associated with aquatic vegetation, and guard them against other perch and potential egg predators. Courtship behaviors are similar to those of other centrarchid fishes. Sacramento perch eggs are deposited singly or in small clusters, are adhesive, and sink. Embryos hatch in approximately 27 to 72 hours after fertilization, and within 2 to 4 days the larvae are able to swim weakly. Larvae at swim-up are semi-pelagic or pelagic; small juvenile fish (15 -≈50 mm) tend to shoal together in the littoral zone, moving into deeper water as they grow larger, with individuals becoming solitary or aggregating loosely together. We present two conceptual models of Sacramento perch life history: a reservoir-lake model, which fits their use of most present-day habitats, and a river model, representing their use of historic habitats.
Significant differences in genetic diversity were observed within and among eight Sacramento perch populations. The populations combined had fairly high diversity in genetic structure and were heterozygous for many alleles. However, only three of the eight populations were estimated to have effective population sizes greater than 50 and bottlenecks were detected in all but two of the eight populations. Differences among populations may have resulted from the size of founding populations and/or the genetic diversity of founding populations. Thus, a managed re-introduction strategy that favors genetic diversity should use individuals from all populations.
Our current knowledge of Sacramento perch biology indicates the following characteristics that are important for conservation:
1. They are adapted to using floodplains.
2. The mating behavior of males is divergent from that of their eastern counterparts.
3. Different life stages of Sacramento perch require different habitats.
4. They are presently limited in good part by interactions with alien centrarchid species.
5. Adults are limited by extreme water quality conditions, including high alkalinity.
6. Contaminants may have a major effect on reproduction, growth, and early life history.
7. Adults and juveniles are unable to maintain swimming velocities necessary to avoid being entrained in water diversions.
8. Introduced populations are limited by low genetic diversity.
9. Sacramento perch are exceptionally vulnerable to disease at warmer temperatures.
10. Most today live in artificial habitats, mainly reservoirs and ponds, which are not suitable for long-term survival.
Any strategy for re-establishing Sacramento perch must take multiple factors into account. We propose a conservation strategy that includes:
1. Ensure the future of all remaining populations by establishing backup populations from each source.
2. Establish a genetic management plan.
3. Establish a Sacramento perch experimental rearing facility.
4. Create a dispersed system of ponds for large-scale rearing and reintroduction into the wild.
5. Develop a strategy to build/use floodplain ponds for passive reintroduction.
6. Develop a source-sink reintroduction strategy by locating rearing ponds next to streams or sloughs.
7. Re-introduce fish into all habitats that seem to be suitable in their native range, including ponds and reservoirs.
8. Conduct a thorough search of Clear Lake to see if any Sacramento perch remain, so a special conservation effort for them can be established.
9. Develop and maintain an annual monitoring program for all known Sacramento perch populations.
InTRODUCTIOn
The Sacramento perch (Centrarchidae: Archoplites interruptus) is endemic to the Sacramento-San Joaquin watershed, Pajaro and Salinas rivers, and Clear Lake (Lake County) of central California (Moyle 2002) . It is listed as a Species of Special Concern by the California Department of Fish and Game (CDFG) and would probably be listed as a Threatened Species under both state and federal endangered species acts had it not been extensively translocated outside of its original range (Moyle 2002) . The American Fisheries Society considers it to be a Threatened Species (Jelks and others 2008) , whereas NatureServe lists them as Vulnerable (G3). It was included as a declining species in the Delta Native Fishes Recovery Plan (Moyle and others 1996) . A priority of the CALFED Ecosystem Restoration Program (ERP) was to reintroduce the Sacramento perch back into its original range within the San Francisco Estuary. This interest resulted in a project that examined the basic biology of the perch, including its status, early life history, physiology, and the genetics of all extant populations (Crain and others 2007) . Therefore, the purpose of this paper is to
1. Summarize what is known about the biology of Sacramento perch, including (a) history and taxonomy, (b) distribution and abundance, and (c) ecology and life history and (d) genetics.
2. Provide a conceptual model of Sacramento perch life history.
3. List gaps in our knowledge of Sacramento perch, expressed as a series of hypotheses.
4. Discuss restoration strategies and management, with a list of potential restoration sites.
This review synthesizes information from three major sources: (1) historic literature; (2) literature and personal communications from agency biologists from other states or areas that contain, or that previously contained, translocated populations; and (3) a recent University of California-Davis (UCD) study on their basic biology. Although our knowledge of Sacramento perch has increased greatly in the last few years, many unanswered questions remain as to why they have declined.
HISTORY, DESCRIPTIOn, AnD TAxOnOMY History
The Sacramento perch is the only native member of the family Centrarchidae occurring west of the Rocky Mountains. Its isolation from other centrarchids dates back to the Middle Miocene period (15.5 to 5.2 MYA; Near and others 2005) . Its fossil record is sparse, but it is one of the most numerous fish found in Native American middens in the Central Valley (Shultz and Simons 1973) . The Sacramento perch was first discussed in Western culture in 1854 (Girard 1854) . The following are important dates in the history of Sacramento perch and its habitats in relation to humans:
1966.
A large survey of Clear Lake fishes turns up only nine Sacramento perch (Cook and others 1966) .
1970
. MaCarraher and Gregory (1970) find most introductions of perch into western states have not resulted in permanent populations, so continued stocking programs are needed to maintain the fisheries.
1973. Hopkirk (1973) finds no measurable differences among populations using meristics.
1974. Moyle and others (1974) describe the feeding habits of Sacramento perch.
1976.
Sacramento perch are found occupying only a fraction of their original range in California, being limited to 14 small and disjunct bodies of water (Aceituno and Nicola 1976) .
J. A. Poppe introduces common carp (Cyprinus carpio) from Germany into a pond in the Sonoma
Valley; this species is found to prey on perch eggs and destroy spawning substrates (Dill and Cordone 1997) .
H. G. Parker translocates Sacramento perch
from the Sacramento River to Washoe Lake, Nevada (Parker 1879) .
1880.
Further translocations are made within Nevada from Washoe Lake into Pyramid Lake and Walker Lake (Parker 1881 (Skinner 1962) . It is likely that these fish came from the lower Sacramento River and Sacramento-San Joaquin Delta.
Largemouth bass are introduced into the Feather
River and are the first non-native centrarchid to be spread throughout the state by anglers and biologists (Dill and Cordone 1997) .
1895. Jordan and Gilbert (1895) find Sacramento perch in Clear Lake.
1896. Jordan and Evermann (1896) note that Sacramento perch are declining in abundance.
1908. C. Rutter (1908) finds Sacramento perch rare in surveys of Sacramento-San Joaquin Basin.
1908.
Bluegill sunfish are introduced to California (Dill and Cordone 1997) .
1913. J. O. Snyder (1913) finds Sacramento perch in the Pajaro River.
ably distinct because of its long isolation from other populations, a supposition supported by findings that other Clear Lake fishes are distinct (Hopkirk 1973; Aguilar and Jones 2009 ).
TREnDS In DISTRIBUTIOn AnD ABUnDAnCE Distribution

California
Sacramento perch are endemic to the Central Valley, the Pajaro and Salinas rivers, tributaries to the San Francisco Estuary (e.g., Alameda Creek), and Clear Lake generally at low elevations (<100 m) except for Clear Lake, which is at an elevation of 402 m. Today Sacramento perch are most likely extirpated from their native range. Moyle (2002) lists 28 localities in California, of which 11 are located in the Central Valley and one in Clear Lake (Table 1 ). The Central Valley localities consist of reservoirs and small lakes located outside their native valley-floor habitats, and so, presumably, all resulted from introductions. Recent surveys in Calaveras Reservoir (Santa Clara County) and Clear Lake were unsuccessful in finding any perch (P. Crain, UCD, unpublished data). Overall, Sacramento perch are known to still be present in five Central Valley waters, but all populations are small and unlikely to persist over the long term. They are already extirpated from four locations listed in Moyle (2002) and are possibly extirpated (though no recent surveys have been conducted) in two others.
Sixteen populations have been established in California outside their native range, although the status of four populations is unknown (Table 1) . Sacramento perch exist in six California watersheds:
1. Clear Lake Reservoir in the upper Klamath basin, from which they have spread into the Lost River and then into the Klamath River from Link Dam down to Copco Reservoir.
2. The Cedar Creek watershed in the South Fork of the Pit River, including Moon and West Valley reservoirs down to the Pit 1 power station, although the only perch found outside the two reservoirs are juveniles representing larval escapes (Reid 2003) .
1976.
Inland Fishes of California is published, which summarizes the published literature on Sacramento perch, citing 21 papers (Moyle 1976) .
1979. UC Davis students find a remnant population still breeding in Clear Lake near Clear Lake State Park (Fong and Takagi 1979) .
1979. Jack Johnson of Carson City, Nevada, catches a Sacramento perch for the California angling record in Crowley Lake, weighing 3 lbs., 10 oz. (CDFG 2008) .
1980. Vanicek (1980) describes the decline of the Lake Greenhaven population and speculates that introduced centrarchid fishes (mainly bluegill) are the cause of decline.
CDFG lists the Sacramento perch as a Species of
Special Concern (Moyle and others 1995) .
1999
. Marchetti (1999) demonstrates that competition between bluegill and Sacramento perch can be a problem.
2002.
Inland Fishes of California, revised and expanded, is published, and further summarizes published literature on Sacramento perch (31 papers cited, 10 published after 1976) (Moyle 2002) .
2003. CALFED funds a study on basic biology at UC Davis.
Description and Taxonomy
Sacramento perch morphology is described in Moyle (2002) .
Sacramento perch was originally believed to be an ancestral ("primitive") form that split from eastern centrarchid species during the Middle Miocene period (15.5 to 5.2 MYA ) (Near and others 2005) . The first phylogenetic studies indicated that the Sacramento perch is most closely related to the flyer (Centrarchus macropterus) and crappies (Pomoxis spp.) (Maybee 1993) . However, recent analysis using DNA sequences puts it as most closely related to rock basses (Ambloplites spp.) (Near and others 2004) , which it resembles. Hopkirk (1973) found little meristic variation among populations of Sacramento perch. Nevertheless, the Clear Lake population was prob- Sacramento perch apparently were once established in the Russian River, but were extirpated when the river's fishes were poisoned with rotenone by CDFG in the 1950s (Pintler and Johnson 1958) . They may have been native to the Russian River, although early records are lacking. An attempt to re-establish them in the watershed was made in Sonoma Reservoir (Dry Creek drainage) when Sacramento perch were stocked from Abbotts Lagoon (Point Reyes National Seashore, Marin County) and Clear Lake from 1985 to 1990 (Rick Macedo, CDFG, pers. comm. 2005 . The status of this population is unknown, although anglers reported catching perch in the late 1990s (P. Crain, UCD, unpublished data).
Today, populations in just three California waters are considered to have long-term sustainability: Crowley Reservoir, Abbotts Lagoon, and Clear Lake Reservoir. However, two of these populations exist in reservoirs, which are managed to provide water to public agencies so reservoir waters can be lowered to levels undesirable for perch. In addition, Crowley Reservoir is operated to generate power. Perch populations in Crowley today can be affected by the rapid lowering of water levels during the spawning cycle which leave nests stranded (Steve Parmenter, CDFG, pers. comm. 2005 ). This phenomenon also seems to be common in reservoirs managed for water storage. For example, lowering water levels in the spring in San Luis Reservoir (Merced County) apparently strands nests. Only when water levels remain high in the spring do good year classes of perch occur (Hess and others 1995) .
Outside of California
Arizona. Arizona had only one introduction, made into a borrow pit near Buckeye (Maricopa County) in 1967 (McCarraher and Gregory 1970) . It is reported to have spawned once but has not been reported since; it is presumed extirpated (Minckley 1973 (Imler and others 1975) in an attempt to establish refuge populations. The first was in Abrams Lake, a privately owned, 50-acre lake near Berthoud. The second was in Gilberts Pond, a private pond south of Hygiene, adjacent to the Pella Crossing Open Space ponds owned by Boulder County. The third and final transplant was to a privately owned gravel pit pond near Fort Lupton. The success of the re-introduction into the first two ponds is unclear; transplanted fish were recaptured, but reproduction was not observed. The third transplant into the gravel pit produced multiple year classes with rapid growth in both juvenile and adult fish (Randy Vanburen, CDOW, pers. comm. 1998 (Parker 1881; Miller and Alcorn 1943) . Of the 14 known introduction localities (Table 2) , populations still persist in 10 of them. However, except for Pyramid and Little Washoe lakes, the long-term status of the populations is tenuous, given the state's emphasis on planting large predatory game fish, including striped bass, striped bass-white bass hybrids, and walleyes, in addition to the traditional warm water species such as centrarchid basses and sunfish (Sigler and Sigler 1987) . Even Sacramento perch populations established in alkaline lakes that exclude most other fish species must be regarded as not secure, because if inflows are reduced and the water becomes too alkaline, perch will not reproduce (Woodley 2007 
Abundance
There are no historical records of Sacramento perch abundance, but the perch is one of the most common fish remains found in Native American middens in Central California (Shultz and Simmons 1973; Broughton 1994) , in the Pajaro-Salinas Basin (Gobalet 1990 (Gobalet , 1993 , and near Clear Lake (Gobalet 1989) . They were common enough to be recorded in commercial fish-catch records in San Francisco fish markets (Goode 1884; Skinner 1962) . By the late 1800s, Jordan and Evermann (1896) noted that Sacramento perch were declining in abundance in the greater San Francisco Estuary. Rutter (1908) found them to be rare in his fish surveys of the Sacramento-San Joaquin Basin. Walford (1931) reported them as "not very abundant" (p 84). Curtis (1949) noted that the Sacramento perch had "declined greatly in numbers and, while it cannot be called rare, now plays a minor part in the sport fishery" (p. 265). During a year of intensive monthly sampling of the Sacramento-San Joaquin Delta, Turner (1966) reported catching nearly 12,000 centrarchids, of which just one was a Sacramento perch. (CDFG 1996) , but this reservoir has had no reproduction since 2002 (Wang and Reyes 2008 
Conclusions
Sacramento perch were once widely distributed and abundant in low elevation habitats in the Central Valley, the Pajaro-Salinas Basin, and in Clear Lake (Moyle 2002) . Two populations (Clear Lake and Alameda Creek) that were previously thought to be the only remnants of historic populations are now probably extirpated, although it is still possible a small population exists in Clear Lake. As of 2008, they were known to persist in 28 waters outside their native range: 17 in California, nine in Nevada, and one each in Utah and Colorado (Figure 1 waterways. However, the Pyramid Lake population is not entirely secure because water from the Truckee River is diverted and extirpation could occur (as it did in nearby Walker Lake) from increased alkalinities (Cooper and Koch 1984) . Likewise, the other three populations exist in reservoir systems and could be threatened by altered water management practices or lowered water quality. The population in Abbotts Lagoon in Point Reyes National Seashore may also be able to persist, but the lagoon is small and isolated, and subject to large scale natural perturbation because it is located on the San Andreas Fault and connects to the Pacific Ocean.
In the past, it was assumed that Sacramento perch were not in danger of extinction because of translocated populations. However, its long term future is clearly not secure because: (1) it is extirpated from its native range; (2) all populations in California outside its native range are in highly altered or artificial water bodies; (3) all except 10 translocations in other states have failed, with only two populations not in danger of extinction in the near future (Pyramid Lake, Nevada and Lost River basin, Oregon). As in California, most extant populations occur in reservoirs and, thus, are subject to anthropogenic uses of water.
Overall, the Sacramento perch is gone from its native range, and its distribution and abundance outside its native range will continue to shrink as isolated populations become extirpated. Except for Nevada and Oregon, the websites of fisheries agencies in states other than California suggest little interest in Sacramento perch. This portends the continued loss of 'back up' populations and the loss of remaining genetic diversity.
ECOLOgY AnD LIFE HISTORY Habitat
The Sacramento perch was originally one of the dominant piscivorous fishes in the SacramentoSan Joaquin River system. The historic habitats of Sacramento perch were apparently sloughs, slowmoving rivers, and large lakes, including floodplain lakes (Moyle 2002) . Many of these habitats became very warm and alkaline during periods of drought (or even in late summer in normal years), which led to the early perception that Sacramento perch could adapt to withstand such conditions. In fact, Sacramento perch generally survive in adverse conditions, which include high alkalinity and salinity (McCarraher and Gregory 1970; Imler 1976; Moyle 2002; Woodley 2007) (Table 3 ), but this does not mean that these conditions are optimal. This perception, nevertheless, led to perch being translocated into highly alkaline (pH) waters throughout the west as game fish (McCarraher and Gregory 1970) . Today, they are found primarily in reservoirs and ponds, and much of what we know about apparent habitat preferences comes from introduced populations in such artificial habitats. Here, we discuss what we can infer about their preferred natural habitats from observations of their basic ecology and physiology.
Structure. The deep body shape of Sacramento perch suggests they require structure for cover, including aquatic plants, downed trees, and submerged objects such as boulders, especially in shallow (<2 to 3 m) water. Presumably, this is both for protection from predators and for ambushing prey. For example, in Crowley Reservoir, they are most commonly found in shallow flat areas among beds of submerged aquatic vegetation as well as along steep slopes among large submerged boulders (P. Crain and Christa Woodley, UCD, unpublished observations). In Pyramid Lake, Sacramento perch are associated with rocky areas (i.e., tufa tufts, rocky ledges, and breakwaters), all in inshore areas (<23 m) (Galat and others 1981) . In contrast, in highly turbid reservoirs (e.g., Moon, West Valley and Clear Lake reservoirs) there appears to be little association with structure.
Alkalinity. Because Sacramento perch evolved in the highly variable conditions found in the Central Valley, including severe droughts, they are adapted to withstand high alkalinities (pH) that are associated wtih low lake and river levels, as well as withestuaries. In experiments with juvenile and larval Sacramento perch, Woodley (2007) found that they can persist in highly alkaline conditions, where critical pH maximum level (where the fish loses equilibrium at 12, 18, 23, and 26 ºC) can range from 10.5 to 11.0 pH. This is similar to other California native fish- es that can live in highly alkaline waters. Sacramento perch were successfully introduced into Clear Lake Reservoir (Klamath Basin) where Klamath Lake tui chub (Siphatales bicolor), Klamath largescale sucker (Catostomus snyderi), and Klamath shortnose sucker (Chasmistes brevirostris) have elevated pH resistance, similar to Sacramento perch (10.8 ± 0.5, 10.7 ± 0.4, and 9.6 ± 0.4, respectively) (Falter and Cech 1991) .
Despite their ability to survive high alkalinity, Sacramento perch were extirpated from Walker Lake, Nevada, when total alkalinity reached 2,500 mg L -1 (Cooper 1978; Cooper and Koch 1984) . McCarraher and Gregory (1970) found that natural reproduction ceased in hatchery ponds in Nebraska when total alkalinity reached ≥2,000 mg L -1 . This is supported by the observations of increased tumors, and hardened ovaries and kidneys as total alkalinity increased to 1,500 mg L -1 in Pyramid Lake and other areas (Vigg 1978; Woodley 2007 ).
Water Temperature. Previous studies (Knight 1985) and recent experiments (Woodley 2007) indicate that Sacramento perch are eurythermal, with 16 to 23 ºC being the optimal thermal range for growth, depending on age and condition. This temperature range is cooler than for other centrarchid species, but higher than for California native fish species (Woodley 2007) . In general, the critical maximum temperatures for larval and juvenile Sacramento perch are similar to those of other centrarchid species, although their endurance range above a given acclimation temperature is higher (Woodley 2007) . In tests of critical minimum (CT min ) and maximum (CT max ) temperature (temperatures at which the fish lose equilibrium), larval Sacramento perch had a CT min of 8.5 ± 1.2 ºC and CT max of 36.1 ± 0.5 ºC (Woodley 2007) . For juveniles, the CT min was 7.0 ± 0.8 ºC and the CT max was 36.6 ± 0.6 ºC (Woodley 2007) . Juveniles show low energetic costs when inhabiting water in the 18 to 23 ºC range, which allows them to take advantage of warm littoral areas for foraging (Woodley 2007) . Woodley (2007) observed in both Crowley Lake and Abbotts Lagoon that juveniles were found in warmer, littoral areas, whereas adults remained in cooler waters, except when spawning. In the laboratory, adult Sacramento perch reached thermal minima at <10.0 ºC and maxima at 29.5 ± 0.4 ºC (Woodley 2007 ). The maximum is lower than that of other centrarchids, which have CT max values of 33.9 to 34.8 ºC (Woodley 2007) . Adult Sacramento perch maximum thermal resistance is similar to that of other California native fishes, which range from 21 to 29 ºC (Woodley 2007) . The actual critical minima for adult Sacramento perch is probably lower than that measured in the laboratory because the experimental apparatus was constrained to go no lower than 10˚C (Woodley 2007 ). An example of this is in Crowley Lake, where perch survive temperatures of 5 to 10 ºC in late March through April (Jellison and others 2003) .
Behaviorally, adult Sacramento perch prefer temperatures of 18.5 ± 3.1 ºC (independent of their acclimation temperature), which is lower than other centrarchid species and similar to other California native species (Woodley 2007) . In culture, adults experience increased disease frequency and higher mortality at elevated temperatures (Woodley 2007) . In the wild, at elevated temperatures, they presumably have reduced avoidance responses to predators, reduced ability to forage, and reduced resistance to disease compared to other centrarchids living at the same temperatures. One reason for success of Sacramento perch in Abbotts Lagoon is presumably that temperatures hover around preferred values all year around: mean temperature averaged 14.9 to 15.7 ºC over a 10-month study (Saiki and Martin 2001 ) and 14.6 to 15.7 ºC over a one-year study (Bliesner 2005) .
Salinity. Juvenile and adult Sacramento perch showed greater salinity endurance (mean 24 to 28 ppt in 12 to 16 hrs) than other centrarchid species (Woodley 2007) . Salinity resistance of juveniles at 12, 18, 23, and 26 ºC was 28 ± 1.1, 27.6 ± 1.0, 26.1 ± 1.5, and 24.3 ± 1.2 ppt, respectively. Salinity resistance generally increased with decreasing temperature and at 12 ºC juveniles had greater resistance than adults (26.3 ± 1.5 ppt) (Woodley 2007 1970) . Sacramento perch likely can frequent brackish water habitats, although their ability to survive in elevated salinities may require high energetic costs, so they are not frequently found in such areas (Woodley 2007) . For example, Saiki and Martin (2001) found that Sacramento perch in Abbotts Lagoon (with three basins) had access to a wide range of salinities, but were found mainly in freshwater sections.
Dissolved Oxygen. Larval Sacramento perch increase muscle oxygen consumption with age; at 2 hrs posthatch, 1 day post-hatch (dph), 7 dph at 26 ºC, their consumption is 0.26 ± .08, 0.30 ± 0.10, and 0.38 ± .08 mg O 2 g -1 hr -1 , respectively (Woodley 2007) . Juvenile muscle oxygen consumption increases with increasing temperature, except at 12 ºC at which it is greater than at 18 ºC and 23 ºC but less than at 26 ºC (12 ºC, 0.15 ± .03, 18 ºC, 0.08 ± 0.01, 23 ºC, 0.10 ± 0.01, and 26 ºC, 0.18 ± 0.03 mg O 2 g -1 hr -1 ) (Woodley 2007) . In adult Sacramento perch muscle, oxygen consumption significantly increases with temperature (12 ºC, 0.04 ± 0.01; 18 ºC, 0.07 ± 0.01; 26 ºC, 0.13 ± 0.03 mg O 2 g -1 hr -1 ) (Woodley 2007) . Overall, oxygen consumption of all life history stages is lower at a given temperature than that of other centrarchid species except for largemouth bass (Woodley 2007 Flow. Sacramento perch have been described as preferring slow, slough-like, or lentic waters (Moyle 2002) . Sacramento perch juveniles have a U crit (critical swimming velocity: the maximum velocity a fish can maintain for a specified amount of time) that overlaps with other centrarchid species, but the values are 43% to 58% higher than those of white crappie (Pomoxis annularis), a species with similar morphology and size (Woodley 2007) . In general U crit increases with fish size, but in Sacramento perch U crit decreases with size (Woodley 2007) . During all life stages (larval, juvenile, adult) Sacramento perch swimming performance is affected by temperature (Table 4) . At 12 ºC the U crit of larval fish is significantly lower than at 23 ºC and 18 ºC, which is significantly lower than at 23 ºC (Woodley 2007) . In juvenile Sacramento perch, U crit is significantly lower at 12 ºC than at 18 ºC and 26 ºC (Woodley 2007) . Adult Sacramento perch are similar to juveniles in that U crit is significantly lower at 12 ºC than at 18 ºC and 26 ºC (Woodley 2007) . This indicates decreased swimming efficiency with elevated temperatures for both life stages and no clear optima as shown by the larvae. The critical swimming speeds for each life stage become thermally stressed when the temperature is above 23 ºC (Woodley 2007) . These critical swimming speeds are most similar to what a riverine fish might experience. Higher critical swimming speeds displayed by larvae and post-larvae seem to indicate that they could maintain position during high flow periods when some historical spawning probably occurred on floodplains (Woodley 2007) .
Diet
The diet of Sacramento perch varies with fish size and availability of food by season (Table 5) , although our understanding of their diet is potentially incomplete because most of our diet data was collected from studies outside their native range (Moyle and others 1974; Imler and others 1975; Aceituno and Vanicek 1976; Bliesner 2005; Crain and others 2007) . At the larval stage, Sacramento perch eat prey items corresponding to their gape. This can include rotifers, small zooplankton, and early instars of mosquitoes and midges. Miller (2004) found that Sacramento perch ate mosquito larvae at a higher rate than western mosquitofish (Gambusia affinis), which are commonly used in California to control mosquito populations (Linden and Cech 1990) . Crain and others (2007) found that in a pond population, cladocerans were the dominant food followed by copepods in diets of ≥8 mm larval fish. In small juveniles, amphipods were the most important food followed by chironomid larvae. Fish <40 mm in Clear Lake fed primarily on copepods; as the fish grew, cladocerans became more prevalent in their diets (Fong and Takagi 1979) . As Sacramento perch grow larger, aquatic insect larvae and pupae become increasingly important in the diet, especially chironomids (Moyle and others 1974; Imler and others 1975; Aceituno and Vanicek 1976) . In Pyramid and Walker lakes, Nevada, Sacramento perch feed almost entirely on fish by the 15 time they reach 90 mm TL. Their prey is mainly tui chubs (Siphatales bicolor) followed by Tahoe suckers (Catostomus tahoensis) and smaller Sacramento perch; this diet probably accounts for the large size of perch found in these large lakes (Vigg and Kucera 1981) . In smaller lakes and ponds, their diet consists primarily aquatic insect larvae and pupae throughout life, with only occasional fish or crayfish being consumed, although young-of-year may be heavily preyed upon by adults (Moyle and others 1974; Imler and others 1975) . The diets of juveniles and adults vary widely by location and season, showing opportunistic feeding (Tables 6, 7, 8) . In Lake Greenhaven, chironomid larvae and pupae made up three-fourths of their diet, with fish and copeopods making up the rest (Acietuno and Vanicek 1976) . Likewise, in Woodward Pond, the diet was mainly chironomids, followed by water boatmen and snails. In Clear Lake Reservoir, their diet consisted of mayflies, fish, and water boatmen (Moyle and others 1974) .
Feeding takes place whenever the opportunity presents itself either day or night, although Sacramento Mathews (1962) .
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perch are often most active at dusk and dawn (Moyle and others 1974; Moyle 2002) . Sacramento perch exhibit the ability to switch between prey items, and are selective, based in part upon the energetic costs of capturing prey (Vinyard 1982) . Their ability to switch prey items is similar to that of pumpkinseed sunfish, whereas the maximum speed and energy production they generate during prey capture are most similar to green sunfish (Webb 1975; Vinyard 1980 Vinyard , 1982 . Sacramento perch are more capable than either pumpkinseed or bluegill at efficiently capturing small evasive prey such as copepods (Vinyard 1980 (Vinyard , 1982 .
Age and growth
Growth rates of Sacramento perch are highly variable, depending on environmental conditions (Table 8) . At the end of years 1, 2, 3, 4, 5, and 6 fish are typically 6 to 13 cm FL, 12 to 19 cm 17 to 25 cm, 20 to 28 cm, 21 to 32 cm, and 28 to 36 cm, respectively (Moyle 2002) . The oldest fish known (9 years) were from Pyramid Lake, at 38 to 41 cm FL. The largest perch recorded is 61 cm TL (Jordan and Evermann 1896) and the heaviest fish on record was a 3.6 kg perch from Walker Lake, Nevada (La Rivers 1962). The California angling record, however, is a 1.64 kg fish, from Crowley Reservoir-although a fish measuring 43 cm TL (weighing 1.95 kg) holds the angling record for Utah, and a 43.2-cm (2.22-kg) fish holds the Nevada state record. Growth is more in weight than length, with fish from Abbotts Lagoon having a power regression formula as the best fit for this relationship (Bliesner 2005) . The length-weight relationship for Sacramento perch from Abbotts Lagoon is W = 0.00003L2.0 (r 2 = 0.97) (Bliesner 2005) . This relationship is similar to growth curves for most fishes, where younger fish tend to have greater growth in length, but older adult fishes grow more in weight. This indicates greater investment in reproduction by adults, as opposed to somatic growth (Crain and Corcoran 2000) . Females grow faster than males and suffer lower mortality rates after the first year of life, so fish older than 4 years tend to be females in all populations (Mathews 1962; Aceituno and Vanicek 1976; Vigg and Kucera 1981; Moyle 2002) (Figure 2 ). This is the opposite of other centrarchids where largest fish are usually males, although small, short-lived males are present in many sunfish species as an alternative life history strategy (Moyle 2002) . The increased proportion of females as perch age is presumably explained by the amount of energy expended by males in nest guarding, making them more susceptible to starvation and disease, as well as their increased vulnerability to predation at this time. In Crowley Reservoir, male perch were observed to become emaciated guarding their nests (Christa Woodley, UCD, unpublished observations).
Growth rates differ in response to population density, diet, gender, water temperature, anthropogenic influences, and introduced species. Sacramento perch populations that attain smaller sizes are generally found in small bodies of water in which temperatures exceed 20˚C for extended periods of time (Woodley 2007) . For example, the largest Sacramento perch in Curved Pond (0.4 ha) on the UC Davis campus was 187 mm FL and was age 4+ years. Pond temperatures averaged 22.6˚ from May to September (Crain and others 2007) . Food for larger perch did not seem to be limiting; the pond also supports a large population of western mosquitofish, eaten by the perch, which peaks during the warmer months. In Lake Anza, perch growth slowed after the second year and six-year-old fish were only 150 mm FL, presumably because of the lack of forage fish for larger adults (Mathews 1962) . Small fish size in Clear Lake where fish six to nine years old were 194 to 231 mm FL was attributed to competitive interactions with non-native fishes (Moyle 2002) . In Lake Greenhaven, growth rates decreased following invasion of the lake by bluegill, which eventually resulted in the extirpation of the perch (Vanicek 1980) . 
Reproduction
Sacramento perch in general breed for the first time during their second or third year of life, although the smallest ripe fish found in Lake Greenhaven was a yearling female, 128 mm FL. The number of gametes produced is larger than in most centrarchid species, but similar to that of bluegill and crappie. The number of ova in sixteen females from Lake Anza (120 to 157 mm FL) ranged from 8,370 to 16,210 (mean 11,438); 16 females (196 to 337 mm FL) from Pyramid Lake contained 9,666 to 124,720 eggs (Mathews 1962) (Table 9) . Spawning is initiated when water temperatures reach 18 to 28˚C from the end of March through as late as October ( (Crain and others 2007) . When ready to spawn, males become darker than females, especially along the ventral surfaces and gill covers, which turn a purplish color, and distinct silvery spots show through the sides. Moreover, the males are darkest during the most intense periods of spawning (Mathews 1965) . By comparison, females remain more uniformly silver. Before spawning, males congregate in shallow areas (15 to 60 cm deep) setting up territories (30 to 45 cm in diameter) before females arrive (Mathews 1962; Moyle 2002) . In Crowley Lake males were seen to nest at depths of up to 300 cm (C. Woodley, UCD, unpublished data). These territories are usually associated with some type of aquatic vegetation such as pondweed; surfaces of rocks covered with algae, and submerged terrestrial vegetation (Crain and others 2007) . In Clear Lake and Lake Greenhaven perch spawned on algaecovered riprap, but also over clay and mud substrates (Murphy 1948; Acietuno and Vanicek 1976) . In Lake Anza and Kingfish Lake, perch spawned in depressions between submerged annual vegetation (grasses and forbs) (Mathews 1962) . Sacramento perch seemingly prefer to spawn on or near vegetation, which could be an adaptation to spawning on floodplains.
However, perch are not confined to spawning on plants because they clean away debris and spawn in and around the edges of shallow depressions in a loose colonial fashion in Crowley Reservoir, similar to other centrarchid fishes (Christa Woodley, UCD, unpublished observations). In Kingfish Lake, a lowdensity population of Sacramento perch spawned at evenly spaced intervals, with nests placed approximately every three meters apart (Mathews 1965) . Murphy (1948) commented that in Clear Lake Sacramento perch remained in a shoal during spawning, and that 50 spawning fish were in a 1.2-x-3.7 m area; this would put nest densities at about one spawning pair per 0.2 m 2 .
Once a territory (nest) has been set up, a male Sacramento perch guards his area against other male perch by chasing, nipping, and flaring opercular flaps (Mathews 1962; Moyle 2002) . Other potential predators are also chased away from nesting areas; a bass placed in the nest was driven away repeatedly, although a hitch was ignored (Mathews 1962) . When a salamander was placed in a nest the male perch was initially frightened off, but came back quickly and attempted to nudge the salamander from its nest. When the salamander was held in the nest, the perch attacked it, biting and striking its body, finally grabbing it by the leg and pulling it 30 to 40 cm from the nest (Mathews 1962) . Males in territorial defense and courtship display often engage in a rapid burst of tail fanning starting with the head up, but ending with the head perpendicular to the bottom. They also engage in a yawning motion with their opercula as they patrol their nests, a characteristic centrarchid courtship display (Mathews 1962; Moyle 2002) . Females also display the yawning behavior and become extremely active, contorting their bodies, rubbing against plants and other objects, and striking at other perch.
As a ripe female first approaches a male, she will be driven off by aggressive thrusts or a nip behind the gill flap. The female persists in her approach and can be attacked repeatedly for as much as an hour before the male accepts her as his mate (Mathews 1965 ). The pair then may spend approximately 30 minutes on the nest together before spawning occurs. During this time, the male frequently nips or nudges the female just in front of the vent, causing her to turn onto one side or the other. Male and female may nip at the bottom substrate and may pick up gravel or other benthic objects in their mouths, while undulating, contorting the body, gaping, and performing undirected biting (Mathews 1965) . Descriptions of spawning are somewhat different for wild fish and fish in aquaria (Mathews 1965 ). In the wild, both the male and female reclined to about a 45-degree angle, with their ventral surfaces close together and swim in a tight circle, facing in opposite directions; this was performed twice in 10 minutes and eggs were later found within the nest (Mathews 1965) . In an aquarium, the female turned on her left side as she was nipped on the belly by the male. The female vibrated her body and fins several seconds before extruding eggs onto some plant roots; she was followed by the quivering male, which immediately turned on his side and fertilized the eggs. This happened four times in the space of 15 minutes, with the fish using both sides of their bodies. This behavior of male and female both turning on their sides is different from other centrarchid fishes where only females engage in this behavior (Mathews 1965) . Males guard the nest for 2 to 4 days after spawning, allowing the eggs to hatch, but it is unlikely that all the larvae would be at swim-up stage when the nest is abandoned. This is in contrast to many other centrarchids where males guard postlarvae for a period of time even after they are able to swim (Winkleman 1996).
Early Life History
The eggs of Sacramento perch are spherical, with a mean diameter of 0.33 ± 0.04 mm reported in Leon and others 2008, although sizes of 0.85 mm, 0.9 to 1.1 and .8 to 1.0 mm have also been reported (Wang 1986; Wang and Reyes 2008; C. Miller, CCVCA, pers. comm., 2010) . In other centrarchids, egg size varies by species, with rock bass having a mean egg size of 3.07 mm, pumpkin seed 1.50 mm, bluegill 1.47 mm, smallmouth bass 3.11 mm, largemouth bass 2.09 mm, and black crappie 1.27 mm (Cook and others 2006) . The yolk is a yellowish to yellowish-white in color and is granular in texture (Wang 1986; Miller 2003) . The oil globule is single and large, 0.11 mm in diameter in a 0.33-mm egg, 0.35 mm in a 0.85-mm egg and 0.3 to 0.4 mm in a 0.8-to 1.0-mm egg (Leon and others 2008; Wang and Reyes 2008; C. Miller, CCVCA, pers. comm., 2010) . The chorion is transparent and elastic, with the perivitelline space being narrow in all stages (Wang and Reyes 2008) . The fertilized eggs are deposited singly or in small clusters and are adhesive to semi-adhesive (Wang 1986; Miller 2003) , with the buoyancy being demersal or negative (Murpy 1948; Mathews 1962 (Wang and Reyes 2008) . Unlike other centrarchids, Sacramento perch larvae have a small filament that attaches the head of the larvae to the egg capsule, which can last 1 to 4 days. After the filament is absorbed, the larvae cling to the substrate for 2 to 4 days before swim-up (Miller 2004) . The larval filament presumably allows larvae to remain attached to the substrate (e.g., submerged terrestrial vegetation) in flowing water (Figure 3 ).
Larvae at swim-up are semi-pelagic or pelagic; they may stay within inshore beds of aquatic vegetation or off-shore over beds of algae (C. Woodley, UCD, unpublished observations, 2006). Larvae can often be found in association with other fish larvae in macrophyte beds, including those of Sacramento blackfish, golden shiner, green sunfish, and largemouth bass (Matthews 1962; Wang 1986 ). Small juvenile fish (15 -≈50 mm) tend to shoal together in the littoral zone, venturing into deeper water as they grow larger (Christa Woodley, UCD, unpublished observations). Eventually, shoaling behavior is replaced by individuals becoming solitary or aggregating loosely together, usually in association with some type of structure.
Causes of Decline
The disappearance of Sacramento perch from its native range coincided with massive changes to aquatic habitats in the Central Valley, combined with the introduction of a host of alien species, including other centrarchids. The mechanism of extirpation is presumably the result of interaction between changes to the environment and alien species. In addition, over-exploitation by 19th century fisheries and watermanagement practices may have contributed to its decline.
Habitat Change. Historically, Sacramento perch were abundant in major habitats of the Central Valley floor including large rivers, sloughs and floodplain lakes, terminal lakes, and the San Francisco Estuary. These habitats are among the most altered in California, having been drained, filled, rip-rapped, channelized, leveed, polluted, and generally made less suitable for native fishes. Sacramento perch were presumably hard hit by these changes because different life history stages require different but interconnected habitats. Thus the loss of appropriate shallow water habitat for juveniles, the reduction of cool, deep-water habitat for adults, and the loss of floodplain spawning areas helped to accelerate their decline. Some of the major habitats that have been lost include Lake Tulare in the San Joaquin Valley, which was drained for farming; the San Joaquin River, which was dewatered by diversions; and the Sacramento-San Joaquin Delta, which was converted from a vast floodplainmarsh to a complex of diked channels. Nevertheless, physiological studies (summarized in this paper) suggest that Sacramento perch can persist under extreme environmental conditions that occur at least seasonally and our distributional studies indicate that they once lived in a wide variety of habitat conditions.
Alien Species. It is hard to evaluate the historic impacts of alien species on Sacramento perch populations because the perch were under pressure from hydraulic mining, habitat change, and fisheries when introductions were being made. However, even in the 19th century, the decline in Sacramento perch was attributed to alien fishes, especially carp and catfish, which were thought to prey on perch eggs (Jordan and Evermann 1896) . This was the explanation usually given as perch continued to decline (Neale 1931; Curtis 1949) . The general observation remains that when Sacramento perch are associated with alien fishes (especially centrarchids), their numbers decline, and, in most cases, extirpation occurs (Moyle 2002) . For example, Sacramento perch were stocked into Sonoma Reservoir (Sonoma County) and were common in angler catches until bluegill and redear sunfish became abundant (P. Crain, UCD, unpublished observations).
There are a few exceptions to this rule, which is probably related to the kinds of alien fish present with the perch. Sacramento perch co-exist with largemouth bass in both Jewell Lake (EBPRD) and Abbotts Lagoon (Point Reyes National Seashore), in the absence of other sunfish and most other alien fishes. Sacramento perch thrive as an alien species themselves mainly in lakes and reservoirs that are too alkaline to support other centrarchids (see "Habitat," p. 11). But overall, the evidence indicates that Sacramento perch thrive in a diversity of habitats until alien fishes become abundant. The mechanisms responsible for this replacement are some combination of competition, predation, and disease.
Competition. In most places where they exist today, Sacramento perch feed largely on macroinvertebrates (Moyle 2002) . Introduced sunfishes have similar diets and spatial needs during parallel life history stages. Marchetti (1999) found that in the presence of bluegill, Sacramento perch gain less weight and show reduced growth, when food is limited. Sacramento perch were found to be less aggressive than bluegill, although larger Sacramento perch were more aggressive than smaller ones. Sacramento perch also shift their use of habitat in the presence of bluegill, tending to move out of deep cover (Marchetii 1999), which would make them more vulnerable to predation. Likewise, Bacon (1980) found that large Sacramento perch are less aggressive than small bluegill. These studies lend support to the hypothesis that aggressive dominance is the specific behavior that drives competition between Sacramento perch and bluegill. When relating the abundance of other centrarchid fishes to that of Sacramento perch, Vanicek (1980) found a significant negative correlation only with black crappie. The evidence overall indicates that where sunfish (Lepomis spp.) or crappie (Pomoxis spp.) are abundant, Sacramento perch do not persist.
Predation. Non-native predators can have devastating impacts on prey species that haven't co-evolved to resist their particular style of predation (Moyle and Light 1996) . With the introduction of striped bass and largemouth bass into the San Francisco Estuary, a new source of predation was imposed upon juvenile and adult perch. However, it seems unlikely that these species preyed heavily on perch because of the abundance of so many other preferred softrayed prey species (minnows, shad, smelt). Murphy (1948) proposed egg predation by common carp and other species as a possible cause of perch decline. This hypothesis has still not been tested, and, in fact, carp and Sacramento perch rarely coexist. However, their incompatibility with bluegill (Moyle 2002) brings up the possibility that bluegill could prey on eggs and early life stages of Sacramento perch. Although male Sacramento perch guard their nests vigorously, they do so individually and would be no match for a school of bluegill intent on consuming eggs and fry (small juveniles). Carlander (1977) mentions that large male bluegill can prey on their own eggs and spawn early in the season, thus effectively eliminating early spawns. Bluegill also inhabit shallow beds of aquatic vegetation, which post-hatching Sacramento perch use as cover (Wang 1986 ); this suggests that bluegill predation on post-larvae and fry could be significant, especially if the bluegill are abundant and their own energetic demands are high (e.g. preparing for spawning). Even if bluegill and other sunfish do not prey directly on Sacramento perch young, they could be a proximate cause of perch decline by driving the young from cover, making them more vulnerable to piscivores. This would not happen to adult Sacramento perch, which spend most of their time offshore in deeper water than bluegill.
Disease. Disease, although not documented within wild populations of perch, has been observed as a major problem when wild fish are brought in for experiments and hatchery production (C. Woodley, UCD, and K. Bliesner, Hayward State University [HSU], unpublished observations). Temperature and stress seem to play key roles in the contraction of disease, to which Sacramento perch may be highly susceptible, especially diseases brought in with introduced fishes. For instance, when adult Sacramento perch were acclimated to temperatures of 23˚C and above, they continually contracted herpes-like viruses and were prone to outbreaks of common parasites such as ich (Ichthyophthirius multifillis) (C. Woodley, UCD, pers. comm., 2007) . When perch were acclimated back to lower temperatures (15 to 20 °C) and given antibiotics, the outbreaks subsided and eventually stopped; as soon as acclimation temperatures were raised again, the infections reoccurred. Common temperature for ich outbreaks were 15 to 25 °C, indicating that Sacramento perch had immune response difficulties at the elevated temperatures. Temperature-related disease responses may also play a major role in the survival of newly hatched perch. When hatched at 25˚C, fry had a 10% survival rate as compared to 80% at 18 °C (C. Miller, CCVCA, and C. Woodley, UCD, unpublished data.).
Fisheries. Heavy fishing pressure was exerted on Sacramento perch in the middle to late 1800s. Sacramento perch were common in commercial catches, being surpassed only by salmon, white sturgeon and American shad in total catch (Skinner 1962) . Heavy fishing pressure coupled with anthropogenic changes in landscape culminated in Sacramento perch being uncommon by the turn of the 19th century (Jordan and Evermann 1896) . The only fishery today is a limited sport fishery, which the CDFG does not monitor. At present (2009), there is no limit on take of Sacramento perch in California waters, and there is at least one large fishery within the state, in Crowley Reservoir. Each year thousands of Sacramento perch are taken during a "perch derby" in August. The reason given for the unlimited fishery in Crowley Reservoir is that Sacramento perch are not native to the area and therefore should not receive special protection (S. Parmenter, CDFG, pers. comm., 2007) , although the same argument could be made for rainbow trout, the main focus of the fishery. The majority of the fishery occurs while perch are spawning, which generally runs from the end of May through early August. The impact of the fishery could be considerable if large females are removed regularly from the breeding population, thereby lowering egg production and year class recruitment.
Water Management Practices. Clearly reservoirs can support Sacramento perch, but most do not because of the combination of alien species and reservoir operation. Sacramento perch spawn in shallow water (usually 0.6-m to 3.0-m deep) , so if water is drawn down during the spawning period, nests are likely to be stranded. This is why in abundant water years, large year classes of Sacramento perch occasionally develop in reservoirs that normally do not show good recruitment. An example of this phenomenon occurred in San Luis Reservoir in 1995; during a very wet spring, young-of-year perch were very abundant in the Portuguese Arm of the reservoir. This high abundance presumably happened because the reservoir stayed at its maximum capacity for much of the spring, thus allowing adult Sacramento perch access to shallow flats not normally available for spawning (Hess 1995) . In most water supply reservoirs, water levels fall extremely fast, stranding nests and the embryos and larvae within them. In addition, rapid reservoir fluctuation eliminates beds of aquatic vegetation needed as cover by perch fry.
LIFE HISTORY MODELS
Here we present two alternative conceptual life history models of Sacramento perch life history, based on existing data and new knowledge gained from recent studies as summarized in this paper. The two models are a reservoir-lake model, representing most present-day habitats and a river model, representing presumed major habitats prior to disruption of Central Valley rivers and their floodplains in the 19th century.
Reservoir-Lake Model
The success of Sacramento perch populations in reservoirs and lakes depends on minimizing their mortality as a result of predation by native and alien species (e.g., from lack of adequate cover), fluctuating water levels, variable food supply (especially insect larvae), poor water quality (especially temperature), and adverse behavioral interactions with alien centrarchids, at all stages of their life cycle. The life cycle is closely tied to their movement from deeper water into the littoral zone for spawning when temperatures reach approximately 16 to 28˚C and daylight hours are approximately equal to nighttime hours. For this movement to work, the offshore areas must provide adequate food resources, protection from predators, and provide high water quality, including cool thermal refuges. The inshore areas must be deep and stable enough to allow for spawning and incubation of embryos, while also providing sufficient food and cover to protect larvae and small juveniles. Adults become mature at two years and live up to nine years, spawning annually. Both fecundity and growth rates are affected by the availability of appropriate prey (fish and macroinvertebrates), and so vary from region to region.
In spring (March through May), males move into the shallows ahead of females to establish territories that they guard vigorously against other males and intruders. They defend either prepared nests or patches of aquatic vegetation. Spawning may be repeated several times during the spawning season, which lasts for several weeks. The fertilized eggs are adhesive and stick to the substrate either singly or in small clusters. Flooded terrestrial vegetation or fairly open beds of aquatic macrophytes are preferred as spawning substrate, but other substrates used include, algae, algae-covered rocks, gravel, and mud. Embryos hatch in approximately 2 days and larvae remain attached to the chorion with a filament for another 4 to 5 days until swim-up occurs. At swim-up the larvae become nektonic and are found, often with other native larval fish, in vegetation or offshore in association with submerged cover. The larval stage lasts approximately 2 weeks at which time the larvae settle to the bottom, shoaling together as fry in the shallows, usually near some type of cover. Juveniles shoal for approximately 2 months then become more solitary, moving out of the littoral zone into deeper water, where they rear until maturity.
River Model
Much like the reservioir-lake model, the river model depends on the same variables for successful year classes to develop, only with river flows setting water levels. The life cycle of Sacramento perch in rivers was presumably once closely tied to adult movement from the main channels and deep sloughs into shallow floodplains for spawning, when temperatures reach approximately 16 to 28˚C and daylight hours are approximately equal to night-time hours. To be effective, river and slough habitat must provide adequate food resources, protection from predators, and high water quality, including cool thermal refuges. Males first move into sloughs adjacent to floodplains, most likely earlier than females, and then set up territories as floods offer the opportunity, similar to splittail (Pogonichthys macrolepidotus) (Moyle and others 2004) . Spawning occurs on submerged terrestrial vegetation with embryos adhering to the substrate. The chorionic filament allows larvae to remain attached to the substrate in flowing water while yolk absorption is still taking place. At swim-up, the larvae are swept off the floodplain and into river channels or sloughs. After several days, the larvae settle into backwater or edge areas, where they shoal as fry. Alternatively, like splittail, the larvae remain in dense beds of flooded vegetation and leave the floodplain as fry, as flood water recedes. The fry seek out shallow areas that are warmer than the main river, which have beds of aquatic vegetation for cover. Taking advantage of abundant zooplankton and macroinvertebrates, they grow rapidly. As juveniles approach adulthood, they become more solitary and move to deep cool water in pools, oxbow lakes, and sloughs. Rivers and sloughs, with their complex habitats, including numerous fallen trees, historically provided abundant prey (macroinvertebrates, small fish), protection from predators, and good water quality. Floodplains in most years had adequate water levels to allow spawning, incubation of embryos, sufficient food resources, and protection for larvae and small juveniles. However, it is likely that little such habitat was available in dry years, forcing fish to either forgo spawning or to spawn in marginal habitats to maintain minimal populations (as happens in splittail, Moyle and others 2004) .
gEnETICS
Understanding the genetics of Sacramento perch as a species requires understanding the genetics of isolated populations that resulted from a small number of introductions from limited sources. Schwartz and May (2008) collected genetic samples from eight populations from both California and Nevada and then analyzed genetic variation among populations. Twenty-three polymorphic microsatellite DNA loci were used for the study, based on their ability to be amplified reliably (Schwartz and May 2004) . These loci were used to examine genetic variation and effective population size, to evaluate whether bottlenecks occurred during the movement of perch to other areas, and to measure the distinctness of alleles within populations.
Significant differences were observed by Schwartz and May (2008) in genetic diversity within and among populations. The eight populations together had fairly high diversity in genetic structure, being heterozygous for many alleles. Differences among populations may have resulted from the size of founding populations, the original genetic diversity of founding populations, or the number of founding individuals that contributed to the current population (Schwartz and May 2008) . Only three of the eight populations-Abbotts Lagoon, Clear Lake Reservoir, and Pyramid Lake-were estimated to have effective population sizes larger than 50 individuals, the minimum recommended to prevent inbreeding depression (Schwartz and May 2008) . Not surprisingly, genetic bottlenecks were detected in all but two populations: Abbotts Lagoon and Clear Lake Reservoir. This also suggests that most populations became established from a relatively small number of individuals.
Overall, populations of Sacramento perch collectively show a surprising amount of genetic diversity, indicating multiple introductions from different sources. Abbotts Lagoon and Clear Lake Reservoir populations had the highest genetic diversity and showed the least evidence of inbreeding (i.e., had the largest effective population sizes). Both also showed evidence of having had different origins (i.e., had more unique alleles than other populations). However, these two populations do not contain the entire genetic diversity of the species. Although a population from tiny Jewel Lake in Alameda County had a low overall genetic diversity, it was genetically the most distinctive of the populations.
HYPOTHESES: WHAT WE nEED TO KnOW ABOUT SACRAMEnTO PERCH
Although many questions about the biology of Sacramento perch have been at least been partially answered by recent studies, as summarized above, many questions remain to be answered, especially for effective conservation. This section lists a series of hypotheses (questions) under the following categories to show where information is needed to improve management strategies for Sacramento perch: floodplain use, reproductive behavior, life history strategies, effects of alien species, effects of water quality, genetics, and other potentially limiting factors.
Floodplain Use
Hypothesis 1: Adult Sacramento perch are adapted for using floodplains. There is some evidence that Sacramento perch once used floodplains for spawning, as our life history model indicates. It may be coincidence, but sharp declines in Sacramento perch populations occurred as most of California's floodplains became disconnected from their rivers.
Hypothesis 2: Juvenile Sacramento perch grow faster on floodplains than in adjacent sloughs and rivers. Floodplains provide optimal conditions for lower trophic-level production, where large amounts of decomposing vegetation coupled with warm water produce algae, bacteria, and ciliates. These, in turn, are food for rotifers, cladocerans, copepods, and mosquito larvae, which can be fed upon by larval and juvenile fishes (Grosholz and Gallo 2006) . Rapid growth on Central Valley floodplains has been demonstrated for Chinook salmon (Sommer and others 2001; Jeffres and others 2008) and other native fishes (Ribeiro and others 2005) .
Hypothesis 3: Sacramento perch are preferential floodplain spawners. Without access to available floodplain habitat, they will spawn in other areas (lakes, reservoirs, ponds, rivers). However, it is possible that their greatest spawning success occurred when there were large expanses of floodplain available to them which not only provided space for spawning but food and cover for young. Species that show a similar pattern are Sacramento splittail and common carp.
Hypothesis 4:
Sacramento perch have physiological, behavioral, and morphological adaptations to floodplains. The adhesive nature of their eggs, the filament that holds the larvae to the chorion, their preference for spawning in very shallow water, their ability to spawn on flooded annual vegetation, and the timing of their spawning in late March, when floodplains were historically available, all describe a fish adapted for floodplain spawning. In addition, adult perch can use their pectoral fins to maintain position in flow, and seem to respond to flow as a reproductive stimulus (C. Woodley, UCD, unpublished observations). Larvae and juveniles can survive in high salinity, high pH, and low dissolved oxygen-useful early life history strategies-if stranded in shallow floodplain lakes and ponds.
Reproductive Behavior
Hypothesis 5: Sacramento perch reproductive behavior diverges from that of other centrarchids. Sacramento perch males appear not to be as aggressive as their eastern counterparts in protecting their nests. Sacramento perch males do not create depressions for nests, but do clean an area. However, we are not certain if eggs are deposited into the swept area or on debris surrounding the swept area. Thus, the reproductive behavior of Sacramento perch seemingly diverges from that of other centrarchids, but many aspects of the behavior remain poorly documented. 
Life History Strategies
Hypothesis 8: Different life stages of Sacramento perch require different habitats. Ontogenetic shifts in perch habitat have been observed but poorly documented. Littoral habitats appear to be used by early life history stages. As they grow, perch seem to move into deeper waters, returning inshore only for reproduction. The reasons for these shifts and their relationships to perch decline are not understood.
Effects of Alien Species
Hypothesis 9: Sacramento perch are limited by interactions with alien (non-native) centrarchids. The gradual disappearance of Sacramento perch populations when forced to co-exist with bluegill, crappie, and other sunfishes indicates that interactions are a major cause of decline. Because adults and large juveniles of these species seem to co-exist, most interaction is likely to occur during early life history stages.
Hypothesis 10: Predation on embryos and juveniles by non-native centrarchids is a major source of mortality. Predation on embryos especially by adult bluegill males has been linked to lack of early recruitment. Sacramento perch, like many other California native fishes spawn early in the year (middle to late spring), so opportunistic predation on embryos and larvae by bluegill, common carp, and other alien fishes may be a major source of mortality. 
Effects of Water Quality
Hypothesis 13: Adult Sacramento perch are limited by extreme water quality conditions. Sacramento perch were apparently extirpated by lack of reproduction in Nebraska, New Mexico, and Nevada when alkalinities were at extreme levels. Yet the ability to survive under extreme conditions is the reason Sacramento perch was widely planted. This apparent contradiction needs to be better understood. 
genetics
Hypothesis 18: Low genetic diversity limits the viability of introduced populations of Sacramento perch. All perch populations today are introduced. Many of the introductions were made with limited numbers of fish radiating out from one initial introduction. Lake Greenhaven and the Elk Grove fish hatchery were the most common source for these initial introductions. How this low genetic diversity affects population viability is not known.
Hypothesis 19:
Reintroduced populations established from more than one source exhibit better reproductive success. Genetic studies suggest existing populations come from diverse sources and so have different genetic make-ups. A strategy for taking advantage of this diversity needs to be developed.
Other Limiting Factors
Hypothesis 20: Sacramento perch are unable to maintain swimming velocities necessary to avoid water diversions and pumps. Studies by Woodley (2007) suggest that higher temperatures decrease the ability of perch to swim fast enough to avoid being entrained. The perch's ability to swim for extended periods must be investigated further.
Hypothesis 21: Sacramento perch are exceptionally vulnerable to disease, especially at warmer temperatures. When adult perch were acclimated to 24 ºC in experimental conditions they broke out in herpes-like rashes and were highly susceptible to gill parasites. How disease limits Sacramento perch populations is poorly understood, especially diseases fom alien fishes.
DISCUSSIOn
Our analysis shows that the long-term decline of Sacramento perch is continuing. The species has generally been assumed to be in no danger of extinction because of the presence of multiple populations outside its native range. There are 28 known perch populations today, all isolated from one another. Sacramento perch were introduced into these waters because of its reputation as a game fish that could thrive in waters too alkaline too support other species of game fish. Despite the extraordinary physiological tolerances of the perch, these non-native waters represent sub-optimal conditions for it. The historic record indicates that the isolated, often stressed populations gradually become extirpated from these waters. The future of Sacramento perch is now precarious because no population can be regarded as truly secure. The perch may face severe genetic and demographic limitations.
In many ways, Sacramento perch are like other California-native freshwater fish species in their habitat requirements. The most striking of the habitat requirements is the need for cool water (<20 ºC) for adults, reflecting evolution in riverine environments. In general, if water temperatures are optimal, Sacramento perch can persist in waters with high pH, low DO, and high salinity. If temperatures are too warm, their ability to thrive in poor water quality is decreased and growth rates and, presumably, survival declines. However, this ability, no doubt, allowed them to persist under adverse conditions in lakes, sloughs, and estuaries through periods of drought that are characteristic of Central California.
Their diet also reflects adaptability to changing conditions. It is varied and differs with the size of the fish and the availability of food by season. The diet of larval and early juvenile fish changes with the increase in gape as they grow (Crain and others 2007) . Under optimal conditions, small perch first feed on aquatic invertebrates, especially abundant insect larvae, but then switch to fish as they grow larger. Growth rates, however, vary in response to population density, diet, gender, water temperature, anthropogenic influences, and alien species.
Sacramento perch generally start breeding during their second or third year of life.
They spawn at different times of the year in different bodies of water, with water temperature being the primary spawning cue that drives these differences. Survival of larvae is dramatically increased if water temperatures are cooler (15 to 22 ºC), reflecting adaptation to spring spawning, when large productive littoral areas are likely to be flooded. Sacramento perch juveniles have greater ability to withstand high temperatures than adults, so they are able to use littoral areas and their more abundant food resources well into summer, thereby, avoiding predators in the process. In this respect, they are also like other native fishes.
Although they are usually compared in their adaptations to other centrarchid fishes, Sacramento perch differ from them in many ways. Swimming ability, for example, is higher than in other centrarchids with similar body morphology; this ability increases with size up to young adulthood, then decreases as they grow larger. This suggests adaptation for a life in large variable rivers, including backwater habitats for juveniles as indicated above. Males guard the nest quite vigorously, but apparently for shorter periods of time, and less aggressively than do other species of centrarchid. This behavior is perhaps a reflection of the perch's evolution in the absence of species with similar spawning behavior.
Although they can persist in adverse physical and chemical conditions and have adapted to local environmental conditions, Sacramento perch are severely limited by biotic interactions with alien species, especially other sunfish. In laboratory tests with bluegill, large perch were even less aggressive than small bluegill. Predation of early life history stages of perch by bluegill and other fishes may be the major source of mortality. Disease, perhaps brought in by nonnative fishes, could also be a major limiting factor in warm waters. In laboratory experiments, Sacramento perch were extremely vulnerable to disease and common parasites in waters over 18 °C. This suggests that extirpation from their native range was largely the result of the combination of massive habitat change, including diversion of cool water, and establishment of alien species, especially other centrarchids.
The information presented in this paper shows that restoration strategies for Sacramento perch will have to take into account the long isolation of the species from other centrarchids, and its specific adaptations to historic central California environments. A particular problem will be restoring the genetic diversity needed for long-term survival. Genetic diversity has suffered from low numbers of fish used to start populations and a lack of gene flow among populations. Genetic management will have to be part of any restoration plan, presumably by interbreeding fish from multiple locations. However, small initial population sizes and random fluctuations in allele frequencies, combined with unique ecological pressures associated with isolated locations where existing populations of Sacramento perch persist, pose the potential for lower fitness if fish from multiple sites are interbred at reintroduction sites (e.g., Fischer and Matthies 1997; Gharrett and others 1999; Schwartz and May 2008) . Two populations are clearly preferred sources for reintroduction: Abbotts Lagoon and Clear Lake Reservoir. These populations had the highest number of alleles and the largest effective population sizes, as well as the greater number of unique alleles. However, these populations do not contain the entire genetic diversity of the species, making it necessary to draw from other populations to retain diversity at reintroduction sites.
All this suggests that the long-term persistence of Sacramento perch will require continual intervention by humans, especially if populations are to be re-established in the perch's native range. A carefully monitored breeding program will be required, along with major habitat restoration programs.
COnCLUSIOnS
The following conclusions should be taken into account in the development of a Sacramento perch conservation program.
1. Sacramento perch have been extirpated from natural habitats in their native range, and many populations established outside the native range have disappeared. This indicates that the longterm decline of Sacramento perch is continuing, and that populations outside the native range cannot be depended on for persistence. By most definitions, the Sacramento perch is a Threatened or Endangered species.
2. Sacramento perch are extremely resistant to most environmental conditions as adults, but successful completion of life history requires cool water refuges and diverse habitat conditions.
3. Sacramento perch have diverged from other centrarchids in many respects, including: (a) their high fecundity, (b) their less elaborate reproductive behavior, and (c) their ability to withstand alkaline/saline water.
4. The optimal environment for Sacramento perch appears to be cool riverine habitat, with flooded areas available for spawning. They can survive in extreme environments (high temperatures, alkalinities, etc.) but they will eventually die out through a combination of poor growth, survival, and reproduction if such habitat is all that is available to them.
5. Almost all Sacramento perch today live in humanmaintained habitats, mainly reservoirs and ponds, which are not suitable for their long-term survival.
6. Most, but not all, populations of Sacramento perch show signs of genetic bottle-necking (limited genetic diversity), but different populations have different genetic composition.
7. The presence of non-native centrarchids, especially sunfish (Lepomis) and crappie (Pomoxis), in Sacramento perch habitat is usually associated with their absence, although the exact mechanism of displacement is not fully understood.
8. Sacramento perch seem to be exceptionally vulnerable to disease, especially at warmer temperatures. This could be a result of low genetic heterogeneity due to inbreeding and founder effects, or from the presence of disease organisms.
9. The long-term trajectory for Sacramento perch in all its scattered populations combined is toward increasingly low genetic diversity, the gradual disappearance of populations in isolated ponds and reservoirs, and species extinction.
10. Sacramento perch have repeatedly proven to be a highly desirable food and sport fish, so recovery of fisheries for them should be the goal of longterm management.
MAnAgEMEnT
Any strategy for re-establishing Sacramento perch must take multiple factors into account. We propose the following as an 11-point conservation strategy, in no particular order of priority.
1. Ensure the future of all existing populations by establishing back-up populations from each source, including those outside of California. Ideally, these would be habitats within the native range of Sacramento perch, but managed ponds or lakes will also be necessary.
2. Establish a genetic management plan and program that brings the genotypes together from isolated populations to re-establish a genetically diverse source population for future planting programs. This would have to be done in a carefully controlled program with genetic monitoring of the fish produced as a source stock.
3. Establish a Sacramento perch rearing facility in the Central Valley, with facilities for selective breeding, and ponds for large-scale rearing of fish for planting, where populations should be established. Realistically, it may be necessary to maintain this facility indefinitely as a source of Sacramento perch to stock recreational ponds and reservoirs and as an insurance policy for wild populations.
4. Re-introduce fish into habitats that seem to be suitable in terms of other species' presence or absence and environmental conditions. Our physiological and ecological studies suggest that there are habitats from which Sacramento perch were extirpated decades ago that have changed enough so that they may once again be suitable for them. Some of these habitats include:
Suisun Marsh. Sacramento perch have already been introduced (2006) into a pond at the Blacklock restoration site, but the success of this introduction is not known. We think there may be opportunities to re-introduce perch into some of the more natural tidal sloughs in the marsh, but this will require large numbers of fish and some careful evaluation of the potentially suitable sites (e.g., Mallard Slough 1 and 2).
Putah Creek, Solano Reservoir. This is a shallow, weedy run-of-river reservoir into which several hundred perch were introduced in 2005. We have found no sign of their presence since, however. 5. Develop a strategy to build/use floodplain ponds that will allow Sacramento perch to become distributed into natural environments during periods of flooding. A successful reintroduction will require a fairly large number of fish stocked and this is one way to achieve that. This strategy would take advantage of our previous studies of restoration of flooded habitat on the McCormickWilliamson Tract (CALFED project #99-B193) and the Cosumnes River Floodplain (CALFED Project #99-N06) (Crain and others 2003; Moyle and others 2007) . There may also be potential for using ponds developed in gravel and sand mining operations for this purpose. This strategy should be linked to a more general strategy to develop flow regimes and habitats below dams that are generally more favorable to native fishes.
6. Develop a source-sink strategy by locating rearing ponds next to streams or sloughs so the ponds can 'leak' Sacramento perch on a regular basis into natural habitats. We have had success in developing populations of Sacramento perch in ponds on the UC Davis campus and have observed that small numbers have ended up in Putah Creek via drainage canals.
7. Rear Sacramento perch in large numbers in ponds and other artificial situations for large-scale introduction into the wild. This is the least desirable of the options we have been considering but may be necessary if information indicates that a large introduction size is necessary for re-establishment in the wild. This strategy may be especially important for trying to re-establish or maintain Sacramento perch populations in Clear Lake, Lake County, historically one of the last hold-outs of wild Sacramento perch in their native range.
8. Conduct a thorough search of Clear Lake (Lake County) using trawls, traps and large seines to see if any Sacramento perch remain. Bring fish captured into captivity so they can be propagated. (USFWS 1996) , but nothing has been done with this. More research on this fish is needed, but its need for conservation is already well justified.
